Isotropic 13 C chemical shifts of the ribose sugar in model RNA nucleosides are calculated using SCF and DFT-GIAO ab initio methods for different combinations of ribose sugar pucker, exocyclic torsion angle, and glycosidic torsion angle. Idealized conformations were obtained using structures that were fully optimized by ab initio DFT methods starting with averaged parameters from a collection of crystallographic data. Solid-state coordinates of accurate crystal or neutron diffraction structures were also examined directly without optimization. The resulting 13 C chemical shifts for the two sets of calculations are then compared. The GIAO-DFT method overestimates the shifts by an average of 5 ppm while the GIAOSCF underestimates the shifts by the same amount. However, in the majority of cases the errors appear to be systematic, as the slope of a plot of calculated vs experimental shifts is very close to unity, with minimal scatter. The values of the 13 C NMR shifts of the ribose sugar are therefore sufficiently precise to allow for statistical separation of sugar puckering modes and exocyclic torsion angle conformers, based on the canonical equation model formulated in a previous paper.
INTRODUCTION
The 13 C chemical shift has emerged as a useful probe of the local structure of RNA (1) and nucleic acids in general (2) (3) (4) . Carbon chemical shifts are easy to measure, and provide a great deal of qualitative or semi-quantitative structural information, which, combined with more complex multidimensional liquid state NMR techniques, and uniform 13 C and 15 N labeling (5) , should be helpful in obtaining accurate structures of RNA oligomers.
Following early semi-empirical studies (6) , the theoretical study of biomolecular chemical shifts has expanded rapidly. Ab initio carbon and proton chemical shifts have been calculated for protein (7) and ribonucleoside systems (4, 8, 9) , with encouraging results. In particular, recent density functional studies of methyl ribofuranosides (9) have shown that ab initio results can simulate the experimental (2, 3) effects of ring pucker on the sugar carbon chemical shifts. Encouraged by the success of this approach, we have undertaken a more general study of the structure- 13 C chemical shift relationship in RNA nucleosides.
In the accompanying paper (10) the four most commonly encountered conformations of crystalline RNA nucleosides and nucleotides were analyzed by CPMAS NMR. The four structures will henceforth be referred to as N-anti-gg, N-antigt, S-anti-gg, and S-syn-gg. N or S denotes the ribose ring pucker, syn or anti defines the conformation about the glycosidic bond, whose torsion angle is χ, and gg or gt is the conformation about the C4′-C5′ exocyclic bond, whose torsion angle is γ. These definitions follow the conventions of Saenger (11) . Key structural features influence the ribose 13 C chemical shifts in a consistent manner. Linear combinations of chemical shifts, or canonical coordinates, which give the statistically optimal separation between conformers, were determined. Thus, the S or N sugar puckers are separated along the can1 coordinate can1 = 0.179δ C1′ -0.225δ C4′ -0.0585δ C5′ [1] as a function of the 13 C chemical shifts of C1′, C4′, and C5′. The gg and gt orientations about the exocyclic torsion angle γ are separated along the can2 coordinate:
The primary reason for the present work was to examine the accuracy of ab initio calculations of ribose carbon chemical shifts. There were other motivations: first, the inability to distinguish between the C2′ and C3′ resonances by simple CP-MAS NMR suggested that perhaps a better canonical model could be found if these two carbons could be assigned by ab initio methods. Second, in order to gain a complete picture of structure-chemical shift relationships in RNA, rare conformations need to be examined as well. Unfortunately, there are very few known structures outside the four main families of conformations cited above. This limited sample set would render any empirical study statistically meaningless; however, should ab initio methods prove to be reliable, a theoretical study of the chemical shifts of these more uncommon conformations might well allow them to be identified in RNA oligomers. Finally, the earlier studies of Ghose et al. (8) and Dejaegere and Case (9) were limited in scope and by computational or structural difficulties, and Xu et al. (4) did not report or utilize the values of C1′ and C2′, which are essential components of our statistical analysis.
Two sets of calculations are presented and compared. First, gas-phase-type calculations are conducted using the four conformations N-anti-gg, N-anti-gt, S-anti-gg, and S-syn-gg constructed using average crystallographic bond lengths, angles, and three-bond dihedral angles (12) , and then fully optimized by ab initio DFT methods. A second set of calculations looks at the real solid-state conformation of crystalline nucleotides, using the most accurate crystal structure coordinates available; in the case of X-ray data only the hydrogen positions are minimized while the neutron diffraction structures are used directly without any optimization.
METHOD AND RESULTS
Calculations were performed on either UNIX or onWindows NT workstations running Gaussian 98 (13) . Model nucleosides representative of the N-anti-gg, N-anti-gt, S-anti-gg, and S-syngg conformations were constructed with InsightII (14) using average geometric parameters from the literature (12) . It was found convenient to use a simplified nucleoside model with a pyrimidine base (Fig. 1) . This allowed us to maintain the appropriate C1′-N3 bond order and the correct three-dimensional requirements necessary to generate a syn or anti conformation about the glycosidic bond. Optimization routines were conducted using the B3LYP functional and the 6-31G(d) or the 6-31+G(d) basis sets (15) (16) (17) (18) (19) . Both basis sets gave essentially identical results. Coordinates of the optimized nucleoside structures used are given in the supplementary materials.
For calculations direct from crystal structures, the following crystal structures were used: for S-anti-gg, 5-hydroxyuridine (19) ; for N-anti-gg, 5-methoxyuridine (20) ; for N-anti-gt, adenosine 5′-phosphate (21); and for S-syn-gg, 7-methyl-8-thioxo-7,8-dihydroguanosine monohydrate (22) . All of the chosen crystal structures have a C-C bond esd between 0.001 and 0.005 Å and an R factor of 3% or lower. In this case only the hydrogen positions were optimized; the heavy atom coordinates were left unchanged. The adenosine structure was used directly for the chemical shift calculations without any minimization since the proton positions had been determined with a high degree of accuracy by neutron diffraction.
An initial exploratory survey of GIAO NMR calculations (23) (24) (25) (26) (27) were conducted with a limited number of SCF and DFT methods. The following basis set and methods were tested: HF/6-311+G(2d,p), B3LYP/6-311+G(2d,p), and B3PW91/6-311+ G(2d,p) ( Figure 2 ). 13 C chemical shifts were referenced to TMS, whose T d symmetric structure was optimized in the 6-31G(d) basis. The chemical shift of TMS was calculated at each level of theory. The usual relationship was used for referencing: δ iso = σ TMS -σ iso , where σ TMS =182.5994 ppm for B3LYP/6-311+G(2d,p), 185.5643 ppm for B3PW91/6-311+G(2d,p), and 192.5939 ppm for HF/6-311+G(2d,p). For 6-31+G(d) optimizations the reference carbon shift was 182.4075 ppm for B3LYP/6-311+G(2d,p), essentially identical to the 6-31G(d) value.
The slope of the experimental vs calculated chemical shift plot and its standard error values were examined for each level of theory, as in the example shown in Figure 2 . These were used to evaluate the accuracy of the calculations. Perfect accuracy would obviously generate a diagonal line. Even though the chemical shift range is limited (50 to 100 ppm), the consistency of the results through the range of conformations studied is encouraging.
Both the GIAO-B3LYP/6-311+G(2d,p) and the GIAO-B3PW91/6-311+G(2d,p) combinations gave very similar results. For the average structure, the slope averaged over all the conformations studied was 1.09 ± 0.04 (mean ± 1 s.d.), respectively, for B3PW91/6-311+G(2d,p) and 1.10 § 0.04 for B3LYP/6-311+G(2d,p). Excessive scatter in the calculated values for the S-syn-gg average conformation causes the slope to be dramatically different.
In the calculations using the crystal structure coordinates the situation is considerably improved (slope = 1.02 ± 0.02) since there is no anomalous scatter in the calculated chemical shift values of the S-syn-gg conformation. Given the similarity between the two DFT methods, only calculations using B3LYP/6-311+G(2d,p) were pursued further.
The Hartree-Fock (SCF) method was quickly tested. A slope of 0.80 was found and this value was deemed unacceptable. Therefore SCF calculations were abandoned and will be briefly mentioned in the Discussion section. Attempts to reduce the basis set size were also made and quickly dismissed as the slope deviates from unity rapidly with a reduction in the basis set.
Structural parameters for the fully optimized average structures, χ, γ, and P, are listed in Table 1 . A full comparison between the bond lengths, two-bond angles, and three-bond dihedral of the crystal structures, and the average optimized structure is also attached in the supplementary materials. The calculated chemical shifts for the S-anti-gg, S-syn-gg, N-antigg, and N-anti-gt structures are listed in Table 2 for both the average and the crystalline coordinates. The difference in parts per million between the calculated shift and the experimental average shift of the same structure type is given in parentheses for each chemical shift. On average, computations yielded 13 C chemical shift values that were systematically different from experiment by 4.23, 6.17, and 4.88 ppm for the crystal structure calculation using B3LYP/6-311+G(2d,p), the average structure using B3LYP/6-311+G(2d,p), and the average structure with the B3PW91/6-311+G(2d,p) method, respectively.
In order to visualize the trends in chemical shift as a function of structure, the differences listed above were used to correct the calculated chemical shifts, and bring them closer to the experimental values for more meaningful comparison. Examples of these corrected chemical shifts are shown in Figure 3 . All data, including the anomalous S-syn-gg average conformation, were included in computing the systematic differences. The corrected chemical shifts were used to compute the canonical coordinates can1 and can2 (Figure 4) . Such treatment of the data is useful for visualization purposes and the offset data itself still statistically meaningful. The offset in the chemical shift clearly produces an offset in the positions on the plot. Nonetheless, the differences between the values of can1 and can2 that separate N and S ring pucker and the gg-gt exocyclic angle are maintained. A visual idea of group classification may be gained by examining the midpoint of the group means that appear as solid and dashed lines in the can1-can2 plot (Fig. 4) . However, a statistically more accurate classification can be done by conducting an F-distribution test (see the Statistical Analysis section).
In order to interpret the F-distribution analysis the following guideline is useful: a lower percent confidence indicates closer proximity to the distribution midpoint, and lack of overlap between high percent confidence levels of two groups is a measure of statistical separation. At this stage it should also be pointed out that the small number of experimental observations of the gt and gg types makes their distribution very wide and therefore, in a rigorous statistical approach the gg-gt classification along can2 would be considered problematic. Nonetheless, in all the cases the Nanti-gg and N-anti-gt types fall within their 75 and 90% gg and gt confidence contours, respectively. Even though, visually, the N-anti-gt point crosses over the midpoint of cluster means, the classification is still correct. Continuing on, the N-anti-gg falls within the same range as the experimental value. The S-anti-gg belongs to the S group within the 95% confidence and both N-anti-gg and N-anti-gt clearly belong to the N group within the 90% confidence interval. The anomalous chemical shift values found in the case of the average equilibrium S-syn-gg are such that the structure cannot be classified as either S nor N. However, calculations on the crystalline coordinates clearly classify it as within the S grouping. The classification on the basis of confidence ellipsoids is identical for both the B3LYP and the B3PW91 calculations.
Statistical Analysis
The goal of this analysis is to quantitatively assign the position of any set of chemical shifts with respect to the experimentally determined can1 and can2 clusters (10) . Two basic techniques can be used: (1) midpoint of cluster means and (2) F-distribution test (28) . The first method can be used to obtain a rough classification based on visual inspection of the canonical plot in Fig. 4 . The dashed line is the midpoint of cluster means of the N-gg and N-gt groups. The solid line is the midpoint of cluster means of the N and S groups. For example, if the can2 score obtained from a set of C2′ + C3′, C4′, and C5′ chemical shifts is below about -16.8 ppm, then we can qualitatively say that the structure is N-gt, and so on. For the gg and gt clusters the midpoint of cluster means is obtained using the equation [3] with ȳ gt = â x gt and ȳ gg = â x gg , where
and â is the can2 vector. The same analysis is made for the N and S clusters. The F-distribution makes it possible to quantitatively position any set of ribose chemical shifts with respect to the confidence ellipsoid of each experimentally determined cluster of can1 and can2 scores. In principle, the F-distribution is the multidimensional version of the univariate student-t test. The p-dimensional normal distribution of n observations is given by [5] where α is the 100(1 -α)% confidence region. This number is then compared to
where μ is the vector of chemical shifts to be tested, S is the covariance matrix for the experimental cluster in exam, and x has the same meaning as above. If the condition
is met, then the μ data set is within the confidence ellipsoid. The methods that were just outlined here were used to test the accuracy of the calculated chemical shifts with respect to experiment (10) . When appropriate, cross-testing was performed in order to rule out the possibility that a structure may belong to more than one group.
DISCUSSION
Two sets of 13 C chemical shifts of ribose in nucleosides were calculated for fully optimized average coordinates and for crystal structure coordinates. Comparison to the data of Xu and coworkers (4) is really not possible since those workers did not report their values of C1′ and C2′ and because their choice of a chemical shift reference is not specified. Assuming that the same (correct) value was used as in the present work, our results are not in agreement. This is likely because our results indicate that previous workers omitted prior optimization of the structures, which our results demonstrate can be very important. Even though the optimization process appears to modify the starting bonds and dihedral angles only slightly (with respect to the average crystalline coordinates) the effects on the calculated chemical shifts can be dramatic, as in the case of S-syn-gg. Although the reasons for the large discrepancy between the experimental and calculated values C1′ and C4′are to be traced back to the optimization process, the precise culprit has not been pinpointed. The optimized structures are found to have the pseudorotation angle in the same range as the starting coordinates. Bond lengths are in most cases within the X-ray structure tolerances, with a few bonds longer by about 0.02 Å. Angles around the ribose ring are for the most part identical within 3°. Some large discrepancies (8-15°) in the ν 0 and ν 1 dihedral angles were noted in both S pucker types of the minimized conformations when compared to the X-ray coordinates. This did not appear to affect the calculated values of C1′ and C4′ in the S-anti-gg conformation.
Operating within the narrow constraints of Gaussian 98, a few basis sets and methods were investigated. The quality of the calculated 13 C NMR shifts was established by comparison with experiment as shown in Figures 2 and 3 . Chemical shifts trends are clearly visible in Figure 3 . The N-type ribose sugar presents a set of chemical shifts that are widely spaced in the range 50 to 100 ppm. Conversely, the S-type sugar has a very close pair of resonances at the C1′ and C4′ and another pair formed by C2′ and C3′. Distinction between the N-gg and and N-gt is less obvious. In nucleoside systems the inclusion of correlation is necessary to obtain NMR shifts of carbons C1′ and C4′in line with the remaining parts of the molecule, as a result of the electron lone pairs on O4′. Beyond that, either B3LYP or B3PW91 gives about the same results when used in combination with the 6-311+G(2d,p) basis set. In order to properly compare calculated and experimental results a scaling factor of some type needs to be applied. Even though vibrational averaging, bulk susceptibility, and solvation effects as the underlying reasons for this discrepancy have been studied and discussed at length (29) (30) (31) , a consensus set of rules for correction has not been clearly established. In order to correct the chemical shift offset the average systematic deviation between the calculated structures and the experimental was subtracted from the calculated value. This deviation was found to be between 6.17 ppm for B3LYP/6-311+G(2d,p) with the average equilibrium structures and 4.22 ppm with B3LYP/6-311+G(2d,p) using X-ray coordinates. The 4.22-ppm deshielding determined by B3LYP/6-311+G(2d,p) with respect to experimental data is slightly lower than that previously reported for nucleosides (9) . It is also important to note that for the crystal structure calculations there is not really a "proper" way to reference the heavy atoms to TMS as their coordinates have not been minimized. However, the values were found to be very close to other DFT values of the optimized structures. Even though a separation along can1 and can2 is clearly apparent irrespective of scaling, a more complete analysis requires scaling of the calculated shift.
The next issue to be examined in this work was the assignment of measured values for the C2′and C3′ resonances and their possible impact on the canonical model. The calculations clearly indicate a consistent upfield shift in the endo carbon in the case of N-anti-gg (about 7 ppm for C3′-endo) and S-antigg (about 9 ppm for C2′-endo). The difference in the measured values for C2′ and C3′ values for N-anti-gg is about 9 ppm, and the calculated values of the 13 C chemical shift are also different by this amount, so ordering the resonances and reexamining the data is very tempting. However, the mea-sured C2′-C3′ chemical shift difference in the case of the remaining three structures in the range 3-3.5 ppm and the inversion of the values of C2′ and C3′ in going from S to N is not very apparent. Even so, the C2′and C3′ were ordered on the basis of magnitude and the experimental data reanalyzed. Unfortunately, these results confirm the hypothesis in the accompanying paper (10) that the ability to assign C2′and C3′ does not appear to give any additional structural information.
The final step was the assignment of the set of calculated NMR shifts to a particular conformation based on the F-distribution test. In the average minimized structure, the midpoint of cluster means is crossed in the case of N-anti-gt and S-syn-gg. The N-anti-gt appears to fall under the N-anti-gg after crossing the gt-gg group borderline and the S-syn-gg crosses the S-N border into the N-anti-gg sector. However, under the conditions of the quantitative F-distribution criterion, three out of four calculated conformations were found to belong to the right group at the 95% confidence or better. The classification results are identical for both the GIAO-B3PW91 and the GIAO-B3LYP chemical shifts. Much to our satisfaction, the crystal structures yielded widely separated and well-defined groups. Clearly, the apparent discrepancy between analysis based on the midpoint of cluster means, and the results of the F-distribution test, raises serious doubts about the applicability of sophisticated statistical treatments when low-accuracy scaling methods are employed. It is likely that the scaling issue will have to be addressed using a full vibrational average of the TMS chemical shift, since the barrier to rotation of methyl groups in the reference compound is low (on the order of a few hundred centimeters -1 ), while the chemical shift of the fully eclipsed, fourth-order saddle point obtained by rotating all methyls by 60° is calculated to be 5 ppm from the minimum energy conformation. Significantly, this value brings the chemical shifts into almost perfect agreement with experimental data. A full vibrational and torsional average of the chemical shift of TMS would probably be helpful in clarifying the offset between theory and experiment.
CONCLUSIONS
A protocol for accurate calculation of isotropic carbon chemical shifts of the ribose sugar in RNA nucleosides was presented. Unconstrained minimization of average crystal structure coordinates with the standard B3LYP/6-31+G(d) method gives, generally, reliable starting structures. However, in the small sample tested, direct chemical shift calculation from crystalline coordinates, optimizing only hydrogen positions, appears to give consistently good results through the entire range of conformations. DFT-GIAO with either B3LYP/6-311+G(2d,p) or B3PW91/ 6-311+G(2d,p) appears to be ideally suited for inexpensive calculation of NMR properties of the entire nucleoside system, while the lack of electron correlation limits the applicability range of even simpler SCF methods.
The C2′ and C3′ resonances were ordered based on the magnitude of the calculated shifts and the measured data were reexamined. Unfortunately, this new information does not give any new insight into the structure-chemical shift relationship, nor a better separation of the gg and gt groups along can2. The calculations we conducted show excellent agreement between theory and experimental findings. We are currently elucidating vibrational and torsional effects on the 13 C NMR tensor in nucleoside structures and examining uncommon nucleoside motifs. These studies should give, we hope, a more complete view of structure-chemical shift relationship in RNA.
